appear only during late infection, when the worm is ready to reproduce in its final avian 23 host. Sympatric host-parasite pairs show higher infection success for parasites, 24 suggesting that the secretome effects could differ for allopatric host-parasite pairs with 25 independent evolutionary histories. We tested the effects of secretome exposure on 26 behaviour by using secretions from the early and late infection of S. solidus and by 27 injecting them in healthy sticklebacks from a sympatric and allopatric population. Contrary 28 to our prediction, secretome from late infection worms did not result in more risky 29 behaviours, but secretome from early infection resulted in more cautious hosts, only in 30 fish from the allopatric population. Our results suggest that the secretome of 31 Schistocephalus solidus contains molecules that can affect host behaviour, that the 32 causes underlying the behavioural changes in infected sticklebacks are multifactorial, and 33 that local adaptation between host-parasite pairs may extend to the response to the 34 parasite's secretome content. The parasite's life stage within the body cavity of the threespine stickleback is 65 characterised by two phases with distinct phenotypes in both the parasite and its host. 66 During the early days of infection (the non-infective phase), the worm shows high growth 67 and is too small to mature if switched to its final bird host (20) . The host does not show 68 the expected adaptive immune response (21) and no behavioural changes are known 69 (22) . At the infective phase, the worm is ready to reproduce in its final avian host (20) . 70 The transition from the non-infective to the infective phase is characterized by major 71 genome-wide reprogramming events in the worm, including the activation of genes 72 predicted to be involved in neural pathways and sensory perception (23). In this infective 73 phase, drastic behavioural changes that result in a loss of the anti-predator response 74 appear in sticklebacks (22) . Compared to non-infected individuals, they are more 75 exploratory (24), less anxious (25) bolder in the presence of a predator (26), they recover 76 more quickly from a frightening overhead stimulus, and feed following the stimulus (26). 77 These behavioural perturbations could result in part from the combined effects of 78 modifying the serotonin pathway and the immune response in infected fish (21, 27, 28) . 79 At the infective phase, secretome collected from S. solidus has been shown to modulate 80 the stickleback immune response in vitro (29) . Whether this modulation of the immune 81 system is also involved in behavioural changes is unclear (27, 28) . 82 83 Altogether, the timing and the nature of these changes in both host and parasite support 84 the hypothesis of a manipulation of the threespine stickleback by Schistocephalus solidus 85 to reach its final avian host. The tegument of S. solidus is known to include vesicles (30). 86 However, whether the worm secretes any molecule that can be classified as manipulation 87 factors that are able to alter fish behaviour is unknown (7). This system offers a unique 88 opportunity to functionally test if the secretome is responsible for the behavioural 89 changes. We predict that only exposure to secretome from worms at the late, infective The interaction between S. solidus and the threespine stickleback is highly specific, since 95 it is the only fish host that this parasite can infect (31). S. solidus infects freshwater 96 sticklebacks (19) and a combination of studies of wild populations and of experimental 97 reciprocal cross infection data suggests local adaptation between sympatric ("native") 98 host-parasite pairs (32-34). On the other hand, marine sticklebacks are rarely exposed to 99 S. solidus, as the worm does not tolerate high salinity levels when its hatches (35). 100 Potentially reflecting the lower probability of co-evolution between these allopatric 101 ("naïve") marine fish and S. solidus, infection success of experimental infections is highly 102 variable, ranging from 1.4% to 99% depending on the population (34, 36). Marine fish 103 infected by S. solidus show morphological changes (37) and the immune response of 104 allopatric fish exposed in vitro to S. solidus antigens at the infective phase differs from the 105 one of sympatric sticklebacks (38). However, the effects on behaviour of infecting an 106 allopatric stickleback with S. solidus have never been studied.
108
The occurrence of threespine stickleback populations from freshwater and marine 109 environments and their variation in infection susceptibility allow us to functionally test if S. 110 solidus and its secretome co-evolved with its sympatric freshwater host to specifically 111 modify its behaviour. Strong co-evolution between a manipulative parasite and its 112 sympatric host was previously reported in the Ophiocordyceps-ant system, where ex vivo 113 essays demonstrated that the fungus Ophiocordyceps secretes a specific array of 114 metabolites only in presence of the host brain it has specifically evolved to manipulate 115 (39). We had two opposite but plausible predictions according to the manipulation 116 hypothesis: the first one was based on the observation that marine fish can be highly 117 susceptible to S. solidus infection (34). If allopatric sticklebacks do not have adaptive 118 mechanisms to fight against the secretome effects because they did not evolve with the 119 parasite, we predicted that they would be more sensitive to the secretome than the 120 sympatric population and would show stronger behavioural changes. The second 121 prediction was that marine fish would activate their immune response earlier than 6 sympatric fish following infection, which would reduce the effects of secretome on fish 123 physiology and behaviour (40). In this case, we predicted that the allopatric population 124 would be less sensitive to the secretome from the infective phase than sympatric fish and 125 that they would show reduced or no behavioural changes. In both cases, we predicted 126 that the injection of secretome from the non-infective phase would not modify behaviour 127 of allopatric fish.
129
The objective of this study was to test if the secretome of a parasite located outside the 130 brain is sufficient to induce behavioural changes in its vertebrate host. To reach this 131 objective, we used a functional approach (Figure 1). 132 133
MATERIALS AND METHODS

134
Collecting secretome from the non-infective and infective phases 135 The collection of the secretome from S. solidus was performed according to a protocol 136 adapted from (41). We caught threespine stickleback fish from Lake Témiscouata 137 (Québec, 47°80' N 68°87' O), in June and July 2016 using minnow traps. One day after 138 fishing, fish (n=41) were euthanized with an overdose of MS-222 (75 mg/L mg/kg) and 139 dissected to determine if they were infected by S. solidus. Fish sex, size and mass, and 140 S. solidus mass and number in each fish were noted. Twenty-eight fish were infected by 141 worms, 8 at the non-infective phase (worm mass ≤ 50 mg) and 20 at the infective phase 142 (worm mass > 50 mg;). Following dissection, each S. solidus worm was washed to 143 remove fish blood and placed in a saline solution protected from light to collect its 144 secretome for 2 hours (see Supplementary material). The secretome was stored at -20°C. 145 For subsequent injections, we only used secretomes sampled from fish harbouring a Sampling of sympatric and allopatric fish hosts 150 We performed the injections in two populations of threespine sticklebacks. The first 151 population, from Lake Témiscouata, Québec, was composed of fish that lived in sympatry Experimental treatments 161 We used four treatments for each population: an injection control treatment, an "infective 162 secretome" treatment, a "non-infective secretome" treatment and a "denatured infective 163 secretome" treatment. For these four treatments, we used healthy non-infected fish from 164 the two populations. In addition, in the Témiscouata population, we added a group of fish 165 infected by S. solidus that were not injected as a positive control, to validate that the 166 behavioural test could discriminate between healthy and S. solidus infected fish (n=7). 167 The control treatment involved fish injected with phosphate-buffered saline (PBS), to test 168 handling effects on fish behaviour. The three other treatments involved injections of 169 secretome collected in Lake Témiscouata. For each of these three treatments, we 170 prepared a mixture of secretome that insured sufficient volume for injections, for a total 171 of 3 mixtures ("infective secretome", "non-infective secretome" and "denatured infective We randomly assigned each fish to an injection treatment (PBS, "infective secretome", 209 "non-infective secretome" or "denatured infective secretome"). During the first week 210 (control week), we inserted a needle into the abdominal cavity of each fish (no liquid 211 injected), once a day for four days. On the 4 th day, we tested behaviour of each fish 212 between 30 and 45 minutes after manipulation. During the second week (injection week), 213 we injected each fish in the abdominal cavity with 100 µL of the appropriate treatment, 214 once a day for four days (total of 400 µL injected per fish). On the 4 th day, we tested 215 behaviour of each fish between 30 and 45 minutes after the last injection. Denatured 216 secretome was heated at 95°C for 20 minutes and was cooled before each injection. 217 Infected fish used as a positive control were exposed to the same protocol, except that 218 during the injection week the needle was only inserted. Fish were not anesthetized, as 219 manipulation took less than 1 minute and induced minor stress to fish. We fed fish daily 220 with brine shrimps following needle insertion or injection, except on day 4. Each fish was 221 given 3 days of rest between the control and the injection weeks. One fish for the infective 222 secretome treatment of the Témiscouata population died between the two weeks and was 223 removed from analysis. 
RESULTS
233
Behaviours that differentiated infected and non-infected fish 10 We measured seven behaviours in order to quantify exploration, thigmotaxis (wall- 235 hugging tendency (25)) and boldness in infected and non-infected fish. We found that in 236 the sympatric population, infected and non-infected fish differed significantly in two 237 behaviours associated with boldness: latency to feed before a predator attack and time 238 spent frozen after a predator attack. Infected fish ate two times more rapidly before a 239 predator attack (average measured in control week: 113 sec) than non-infected fish 240 (average measured in control week: 224 sec) (p = 0.049) ( Figure 2 We tested behaviour twice in each individual: during the control week and during the 251 injection week. We first tested control non-infected individuals in which we injected only 252 a saline solution, in order to quantify any changes related to the disturbance of the 253 experiment in these two weeks. For all behaviours assessed, we did not find any 254 significant differences between the two weeks in these control fish, suggesting that 255 handling and injections did not significantly affect them. Similarly, infected fish did not 256 change their behaviour between the first and second tests ( Supp Tables 1 to 7) . effects on feeding latency before a predator attack, while it did affect fish from the 263 allopatric population (see below). Sympatric fish injected with the infective secretome did 264 not significantly change the time they took before eating between the two trials (p = 0.975, 265 Supp Table 4 , figure 3 panel 1.C). The same was observed in fish injected with the non-266 infective secretome (p = 0.852, Supp Table 4 , figure 3 panel 1.D) and following injection 267 of denatured secretome (p = 0.526, Supp Table 4, In the allopatric population, we first tested control individuals in which we injected only a 271 saline solution, in order to quantify any changes related to the disturbance of the 272 experiment in these two trials. For all behaviours assessed, we did not find any significant 273 differences between the two weeks in these control fish, suggesting that handling and 274 injections did not significantly affect them ( Supp Tables 8 to 14) . For example, the control 275 non-infected fish had similar latency to eat before the predator attack in the first and 276 second weeks (p = 0.762, Supp Table 11 We found that behaviour was changed after secretome injections in the allopatric 279 population in some treatments. The latency to eat before a predator attack was not 280 changed after injection of the infective secretome in healthy individuals (p = 0.642, Supp 281 Table 11 , figure 3 panel 2.B ). However, fish injected with the non-infective secretome 282 significantly increased their latency to approach food, taking more than twice longer 283 before resuming feeding (p < 0.001, Supp Table 11 , figure 3 panel 2.C). After injection of 284 denatured secretome, fish significantly delayed or refrained entirely from eating before 285 the predator attack compared to the control week (p=0.025, Supp Table 11, figure 3 panel   286 2.D). We also found that allopatric fish took significantly longer to resume feeding after a 287 predator attack following injection of the non-infective secretome (p=0.037, Supp Table   288 14). After a predator attack, they stopped feeding entirely during the injection week (Supp 289 Figure 7 panel 2.C). This behaviour was not significantly affected in any other treatments 290 12 ( Supp Table 14 , supp figure 7 panel 2). Additionally, we found that allopatric fish 291 significantly spent more time swimming after injection of denatured secretome (p=0.016, 292 Supp Table 9 ), while other secretome treatments did not affect this behaviour (Supp The lack of behavioural change in fish injected with infective secretome can be interpreted 310 in two ways: either the secretome is not sufficient to alter behaviour, or our protocol did 311 not recreate the biological alterations that happen in the host during the weeks of 312 infection. In both populations, fish injected with the infective secretome did not differ in 313 behaviour from the control non-infected fish, despite the fact that proteins were detected 314 in the secretome. It is possible that S. solidus does not act on the behaviour of its host 315 through its secretome. If such is the case, the probability that this host behaviour alteration 316 is the result of active manipulation by the parasite would be low. If this is the correct 317 interpretation, behavioural changes would be the result of a side effect of infection, such 318 13 as the parasite mass burden, or the result of a host response (25). However, it would be 319 improbable to observe the significant changes in behaviour we quantified when injecting 320 the non-infective secretome. Moreover, as our behavioural assay could detect significant 321 differences in latency to feed before a predator attack between infected and non-infected 322 fish, we expect that we also had the statistical power to detect differences in the infective 323 secretome treatment.
325
An alternative explanation would be that our exposure protocol was not sufficient to test 326 our prediction. First, it is possible that we did not reach a threshold level of manipulation 327 factors, as it has been proposed that they may be accumulated slowly and stored by the 328 parasite (7). Because secretomes were sampled from the wild, the amount of secretome 329 collected was limited by the number of fish caught that were parasitized by infective S. i.e. sticklebacks of freshwater origin that can recognize the parasite but did not co-evolve 413 specifically with that genotype (34, 47). For instance, non-infected freshwater sticklebacks 414 from the west Coast of Canada (known to be infected by S. solidus (34)) could be exposed 415 to the secretome from Lake Temiscouata worms. 416 417 The significant increase in the latency to eat before an attack, which was reported after 418 the injection of the non-infective secretome in the allopatric population, was also found in 419 fish injected with heat-denatured secretome, suggesting that these impacts on behaviour 420 were not related solely to the activity of proteins. Indeed, since these secretome samples 421 were denatured by heat in order to lose the secondary and tertiary structures of proteins, 422 and consequently their biological activities, it is possible that this behavioural change 
